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Abstract
Several samples of Cl-rich amphiboles coming from oceanic and sub-continental gabbro 
bodies has been studied in order to compare their microstructural and compositional 
SHFXOLDULWLHVDQGWRLQYHVWLJDWHWKHÀXLGURFNLQWHUDFWLRQVLQGLIIHUHQWJHRG\QDPLFFRQWH[WV
7KHGHYHORSPHQWRID¿UVWJURXSRIDPSKLEROHVRXWFURSSLQJLQWKH1RUWKHUQ$SHQQLQHVZDV
the result of a hydration event that has been ascribed to oceanic metamorphism. The second 
JURXSZDV FROOHFWHG IURP D VOLFH RI FRQWLQHQWDO FUXVW VXEGXFWHG GXULQJ$OSLQH FROOLVLRQ
in a subcontinental metagabbro from the Sesia-Lanzo Zone of Italian Western Alps. Their 
GHYHORSPHQWKDVEHHQDVFULEHGWRDK\GURWKHUPDOHYHQWWKDWWRRNSODFHDIWHUWKHH[KXPDWLRQ
RIWKHPHWDJDEEURGXULQJSUH$OSLQHOLWKRVSKHULFH[WHQVLRQ7KH&ODPSKLEROHVDUHIRXQGLQ
veins, as granoblastic aggregates in different microstructures, or as rims of zoned amphiboles, 
ZKHUH EURZQDPSKLEROH FRUHV VRPHWLPHV7LULFK DQG VXFFHVVLYH JUHHQ DPSKLEROH DUH
ULPPHGE\WKH&OULFKDPSKLEROH$OODPSKLEROHVVKRZHGHPEHUJLWHWRSDUJDVLWHFRPSRVLWLRQV
XS WR JODXFRSKDQH DQG FURVVLWHV ZKHQ UHHTXLOLEUDWHG XQGHU +3 FRQGLWLRQV ZLWK D GLUHFW
FRUUHODWLRQEHWZHHQ)HDQG1D$YV&OFRQWHQWDQGLQYHUVHFRUUHODWLRQRI0JDQG1D0 
YV&O$FRPSDULVRQZLWKRWKHU&ODPSKLEROHVWKDWKDYHEHHQREVHUYHGERWKLQRFHDQLFDQG
FRQWLQHQWDO VHWWLQJV DOORZGLVFXVVLQJ WKH UROHSOD\HGE\&OULFKÀXLGV LQ¿OWUDWLRQERWK LQ
RFHDQLFDQGFRQWLQHQWDOFUXVWGXULQJOLWKRVSKHULFH[WHQVLRQ7KHODUJHYDULDWLRQVLQ6L$OIV, 
AlVI, Fe, Mg, K and Cl may be related to the combination of different factors, such as Cl-
FRQWHQWDQGUHODWHGFULVWDOFKHPLFDOFRQVWUDLQWVZKROHURFNFRPSRVLWLRQ37FRQGLWLRQVRI
UHHTXLOLEUDWLRQWKHPLFURGRPDLQVZKHUHWKHDPSKLEROHJURZVDQGWKHYDULDEOHD+&OÀXLGD+22
ÀXLGUDWLRRIWKHÀXLGLQHTXLOLEULXPZLWKWKHDPSKLEROHVDWYDULRXVVWDJHVRIWKHPHWDPRUSKLF
HYROXWLRQ$PSKLEROHVWKDWORFDOO\FRQWDLQH[WUHPHO\KLJK&OFRQWHQWVXSWRZWFRXOG
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Introduction
7KHVWXG\RIÀXLGVFLUFXODWLQJLQ WKH(DUWK¶V
crust and contributing to its transformations is 
H[WUHPHO\LPSRUWDQWDVLWFDQJLYHLQVLJKWVRQWKH
PHFKDQLVPV JRYHUQLQJ ÀXLG URFN LQWHUDFWLRQV
in different geodynamic environments and at 
GLIIHUHQW VWUXFWXUDO OHYHOV 7KHVH ÀXLGV FDQ EH
LQYHVWLJDWHGZLWK YDULRXVPHWKRGV EXW VSHFLDO
DWWHQWLRQ QHHGV WR EH JLYHQ WR WKH YHLQ ¿OOLQJ
minerals and “hydrous” assemblages. 
Amphiboles are amongst the most common 
K\GURXV PLQHUDOV SUHVHQW LQ PD¿F URFNV
DQG LQ DGGLWLRQ WKDQNV WR WKH ODUJH QXPEHU
RI LQGHSHQGHQW FU\VWDOORJUDSKLF VLWHV ZLWK
YDU\LQJ FRRUGLQDWLRQ QXPEHUV 8QJDUHWWL
 +DZWKRUQH  5RVVL DQG 8QJDUHWWL
 YDULRXV LVRPRUSKLF VXEVWLWXWLRQV HLWKHU
iso- or etero-valent are possible. The resulting 
ZLGH UDQJH RI SRVVLEOH FRPSRVLWLRQV DOORZV
their crystallization in a broad interval of P-T 
FRQGLWLRQV PDNLQJ WKHP D VHQVLWLYH LQGLFDWRU
of PT variations. Investigating into their 
crystallographic, chemical and geochemical 
FKDUDFWHUVSURYLGHVDNH\ WRXQGHUVWDQGLQJ WKH
PHWDPRUSKLFHYROXWLRQRI WKHLUKRVW URFNVDQG
the mechanisms of mineral reactions.
Cl-bearing minerals are evidence of the 
&O FRQWHQW RI WKH ÀXLGV FLUFXODWLQJ GXULQJ
metamorphic processes. In particular, Cl-rich 
amphiboles have been recognized in various 
JHRORJLFDOFRQWH[WVDQGURFNVW\SHVDURXQGWKH
ZRUOGVHH.XOOHUXG
,Q WKH SUHVHQW DUWLFOH ZH ZLOO IRFXV RQ WKH
FRPSDULVRQ EHWZHHQ WKH PLFURVWUXFWXUDO DQG
FRPSRVLWLRQDO FKDUDFWHU RI WZR JURXSV RI &O
rich amphiboles included in gabbro bodies 
coming from different paleotectonic scenarios.
7KH ¿UVW JURXS RI DPSKLEROHV LV IRXQG LQ
JDEEURV IURP WKH 1RUWKHUQ $SHQQLQHV IURP
different localities, i.e. Bonassola, Monte 
&DSUD DQG LV UHODWHG WR WKH RSKLROLWLF XQLWV
7KHVH DPSKLEROHV GHYHORSHG LQ PD¿F URFNV
VXEVHTXHQWO\ WR D K\GUDWLRQ HYHQW DVFULEHG
WR RFHDQLF PHWDPRUSKLVP 5LFFDUGL 
The second group of amphiboles is found in 
subcontinental Corio and Monastero gabbros 
from the Sesia-Lanzo unit of the Western 
$OSV WKH ZLGHVW WHFWRQLF VOLFH RI FRQWLQHQWDO
crust subduced during Alpine collision. The 
development of the above amphiboles has been 
DVFULEHGWRDK\GURWKHUPDOHYHQWWKDWWRRNSODFH
DIWHU WKH H[KXPDWLRQ RI WKH PHWDJDEEURV LQ
pre-Alpine times and before their subduction 
5HED\DQG6SDOOD
*HRORJLFVHWWLQJDQG¿HOGUHODWLRQV
2SKLROLWLFURFNVVXUIDFLQJLQWKHRXWHUXQLWVRI
WKH$SHQQLQH RURJHQ\ )LJXUH  UHSUHVHQW WKH
remnants of the ancient Jurassic lithosphere of 
the Ligure-Piemontese oceanic basin, originally 
LQWHUSRVHG EHWZHHQ (XURSH DQG $GULD SODWHV
'HFDQGLD DQG (OWHU  'DO 3LD] 
Beccaluva et al., 1980; Pognante and Piccardo, 
/HPRLQHHWDO3LFFDUGRHWDO
KDYHEHHQLQHTXLOLEULXPZLWKDORFDOO\HQULFKHG&OÀXLG$VVXJJHVWHGE\WKHIDFWWKDWWKH
&OFRQWHQWRIDPSKLEROHLQWRWKHYHLQVLVJHQHUDOO\ORZHUWKDQLQDPSKLEROHULPVIDUIURPWKH
YHLQVWKHVHHTXLOLEULXPFRQGLWLRQVSUREDEO\ZHUHUHDFKHGDWSODFHVZKHUHWKHV\VWHPZDV
ORFDOO\FORVHG,QDGGLWLRQK\GUDWLRQUHDFWLRQVFRQVXPHGWKH+22FRPSRQHQWRIWKHÀXLG
OHDGLQJWRDUHHTXLOLEUDWLRQRIWKHFU\VWDOOLVLQJDPSKLEROHZLWKWKHUHPDLQLQJ&OHQULFKHG
ÀXLG(TXLOLEUDWLRQWHPSHUDWXUHVXSWR&FDQEHDWWULEXWHGWRWKH1RUWKHUQ$SHQQLQHV
DPSKLEROHVDQGXSWR&WRWKHRQHVIURPWKH6HVLD/DQ]R=RQH
Key words&ODPSKLEROH1RUWKHUQ$SHQQLQH6HVLD/DQ]R=RQH&OULFKÀXLGV
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)LJXUH  D /RFDWLRQ RI WKH VDPSOLQJ DUHDV$   6HVLD /DQ]R ]RQH &RULR DQG0RQDVWHURPHWDJDEEUR %
 /LJXULD1RUWKHUQ$SHQQLQH%RQDVVROD DQG0RQWH&DSUD JDEEURV  +HOYHWLF EDVHPHQW  3HQQLQLF
EDVHPHQW $XVWURDOSLQHEDVHPHQW 6RXWKDOSLQHEDVHPHQW 7HUWLDU\LQWUXVLYHVWRFNV $SHQQLQHV
E37HYROXWLRQIRUWKH1RUWKHUQ$SHQQLQHVJDEEURV5LFFDUGL0ROOLLQ\HOORZDQGIRUWKH6HVLD
/DQ]RPHWDJDEEUR5HED\DQG6SDOODLQEOXH2UQDPHQWDWLRQHYLGHQFHV37FRQGLWLRQVDWZKLFKÀXLG
LQ¿OWUDWLRQRFFXUUHG
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7KHRSKLROLWLFURFNVRXWFURSSLQJLQWKH1RUWKHUQ
$SHQQLQHVHTXHQFHFRPSULVHJDEEURV LQWUXGLQJ
variably serpentinized peridotites. These gabbros 
derive from the fractional crystallization of 
025%ÀXLGVZLWKLQVKDOORZPDJPDWLFFKDPEHUV
6HUUL3LFFDUGR+HEHUWHWDO
5DPSRQH5HQQDDQG7ULEX]LR7KH\
are covered by mono- and polygenic brecciae 
*LDQHOOL DQG 3ULQFLSL  WKDW DUH RIWHQ
LQWHUFDODWHG ZLWK EDVDOWLF ODYDV $EEDWH HW DO
6HUULORFDOO\IRUPLQJWKLFNGROHULWLF
ERGLHV RU GLVSOD\LQJ SLOORZ VWUXFWXUHV RIWHQ
DVVRFLDWHGZLWKLDORFODVWLWHVDQGSLOORZEUHFFLDH
6LQJOH EDVDOWLF G\NHV RU G\NH VZDUPV DUH DOVR
IRXQG ZLWKLQ WKH VHUSHQWLQLWHV WKH JDEEURV DQG
WKH EUHFFLDH 7KHVH URFNV DUH FRYHUHG E\ D
VHGLPHQWDU\VHTXHQFHPDGHRIFODVWLFURFNVZLWK
FODVWV GHULYLQJ IURP WKH RSKLROLWHV &RUWHVRJQR
HW DO  IROORZHG E\ MDVSHUV OLPHVWRQHV
³Calcari a Calpionelle´DQGSHOLWHV³Argille a 
Palombini´$EEDWHDQG6DJUL'HFDQGLD
DQG(OWHU3ULQFLSLHWDO
7KH RSKLROLWLF URFNV RI 1RUWKHUQ $SHQQLQH
preserve evidences of a poliphase retrograde 
HYROXWLRQ IROORZHG E\ UHHTXLOLEUDWLRQ XQGHU
amphibolite and then greenschist facies 
FRQGLWLRQV DVVRFLDWHG ZLWK SHUYDVLYH K\GUDWLRQ
during oceanic metamorphism. The hydrothermal 
DOWHUDWLRQ RI WKH RFHDQLF OLWKRVSKHUH WRRN
place from amphibolite- to greenschist-facies 
FRQGLWLRQV ZKHQ ÀXLGV SHUYDVLYHO\ DIIHFWHG DOO
lithologies. All the phases of this hydration are 
DFFRPSDQLHGE\JURZWKRIDPSKLEROHVFROOHFWHG
from reconstruction of the metamorphic evolution. 
The inferred evolution implies gabbro intrusion at 
PRGHUDWH GHSWKV IROORZHG E\ WKHLU H[KXPDWLRQ
accompanied by intense deformation along shear 
zones under amphibolite facies conditions. The 
ODVWVWDJHVLPSO\ÀXLGFLUFXODWLRQDQGH[KXPDWLRQ
up to greenschist-facies conditions associated 
ZLWK GXFWLOHEULWWOH GHIRUPDWLRQ &RUWHVRJQR
and Lucchetti, 1982; 1984a; 1984b; Messiga 
DQG 7ULEX]LR  0ROOL  0ROOL 
Tribuzio, 1992; Riccardi et al., 1993; Riccardi, 
 7ULEX]LR HW DO  6DQ¿OLSSR DQG
7ULEX]LR7ULEX]LRHWDO,WLVOLNHO\
WKDWK\GURWKHUPDOÀXLGVZHUHRFHDQGHULYHGEXWD
FRPSOH[LQWHUDFWLRQZLWKODWHPDJPDWLFÀXLGVKDV
DOVREHHQSRVWXODWHG7ULEX]LRHWDOIRUSDUW
of the evolution. This retrograde metamorphic 
HYROXWLRQ LV DVVRFLDWHG ZLWK KLJK 73 UDWLRV LQ
DQ H[WHQVLRQDO UHJLPH FRQVLVWHQWZLWK DQ RFHDQ
ULGJH HQYLURQPHQW )LJXUH $EVROXWH DJHV RI
ophiolite formation and of the hydrothermally 
DVVLVWHG PHWDPRUSKLVP UDQJH EHWZHHQ 0D
DQG0D%HFFDOXYDHWDO%RUWRORWWLHW
DO
$PSKLEROHV DUH SUHVHQW LQ GHIRUPHG URFNV
WHFWRQLWLF ÀDVHU JDEEURV DQG P\ORQLWHV DQG
LQ FRURQLWLF XQIROLDWHG URFNV 3VHXGRPRUSKV
RI JUHHQ WR EOXHJUHHQ DPSKLEROHV DIWHU PD¿F
SULPDU\ PLQHUDOV S\UR[HQH DQG ROLYLQH DUH
ZLGHVSUHDG &RQWLQXRXV RU GLVFRQWLQXRXV
FRURQLWLF WH[WXUHV JUHHQ RU FRORUOHVV DJJUHJDWHV
DIWHU EURZQUHG DPSKLEROHV DQG FRPSRVLWLRQDO
zonations of tardo-magmatic amphiboles are 
DOO WKH UHVXOWRI WKH LQWHUDFWLRQRI LJQHRXV URFNV
ZLWK K\GURWKHUPDO ÀXLGV0RUHRYHUZLGHVSUHDG
IUDFWXUHV IURP RQH PP WR VHYHUDO GP ZLGH
¿OOHG E\ DPSKLEROH FURVVFXW IROLDWHG DQG
massive gabbros. The different magmatic and 
K\GURWKHUPDO HYHQWV DUH PDUNHG E\ GLIIHUHQW
parageneses, all involving amphiboles of different 
compositions, replacing the original igneous 
PLQHUDO DVVHPEODJHV +\GURWKHUPDO ÀXLGV
permeated the gabbros not only through fractures, 
but also along grain boundaries or along foliations 
5LFFDUGL7ULEX]LRHWDO
At Bonassola, successive fractures associated 
ZLWKGLIIHUHQWK\GUDWLRQHSLVRGHVDUHSHUYDVLYHO\
developed and overprinting relationships are 
HYLGHQWLDV\VWHPRISDUDOOHOPLOOLPHWULFYHLQV
¿OOHGE\JUHHQDPSKLEROH LV DVVRFLDWHG WR VKHDU
zones. These veins crosscut at a high angle the 
PHWDPRUSKLF IROLDWLRQ LL $ ODWHU V\VWHP RI
FRQMXJDWH IUDFWXUHV IURP IHZPP WR VRPH FP
ZLGH ¿OOHG E\ JUHHQ DPSKLEROHV FURVVFXW WKH
previous veins and the metamorphic foliation. 
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They generally occur as larger, centimetric 
YHLQV VXUURXQGHG E\ VPDOOHU PLFURYHLQV IHZ
PLOOLPHWUHVZLGH7KHZDOOVRIWKHYHLQVDUHVKDUS
DQGRSHQZLWKQRGLVSODFHPHQWV6RPHRIWKHVH
YHLQVPD\EHXSWRFPZLGH5LFFDUGL
7ULEX]LRHWDO
7KH 6HVLD/DQ]R =RQH )LJXUH  LV D
polymetamorphic basement mainly consisting 
RIFRQWLQHQWDOFUXVWZLWKLQWUXGHGVXEFRQWLQHQWDO
gabbros pervasively eclogitised during Alpine 
times. This basement comprises metapelites, 
PHWDJUDQLWRLGV VFDWWHUHGPD¿FDQGXOWUDPD¿F
ERGLHVDQGPDUEOHV&RPSDJQRQLHWDO
The main Alpine eclogitic imprint is dated at 
0D'XFKHQHHWDO5XEDWWRHWDO
0HGDHWDO5RGDHWDOZLWK
SRUWLRQVWKDWSUHVHUYHROGHU+3LPSULQWVDW
0D5HJLVHWDODQGUHIHUHQFHVWKHUHLQ
XSWR0D+XQ]LNHUHWDO/LWWOHLV
NQRZQDERXWWKHSUH$OSLQHFRQ¿JXUDWLRQDQG
HYROXWLRQ EHFDXVH RI WKH ZLGHVSUHDG $OSLQH
KLJK SUHVVXUH UHHTXLOLEUDWLRQ 6RPH UHOLFV RI
pre-Alpine granulites and amphibolites have 
been described in the metapelites, both in the 
northern and southern parts of the Sesia-Lanzo 
=RQH &RPSDJQRQL HW DO  /DUGHDX[ HW
al., 1982; Spalla et al., 1983; Pognante et al., 
 /DUGHDX[ DQG 6SDOOD  5HED\ DQG
6SDOOD  5HED\  /DUGHDX[ DQG
6SDOOD  GHVFULEH WKH 3±7 HYROXWLRQ RI
basic and acid “granulitic” relics. A granulite 
IDFLHV LPSULQWDW7 &3 
*3D LV IROORZHG E\ DQ DPSKLEROLWH 7  
&3 *3D WRJUHHQVFKLVW IDFLHV UH
HTXLOLEUDWLRQ7DERXW&
&RQVLVWHQWO\ 5HED\ DQG 6SDOOD 
describe the structural and metamorphic pre-
Alpine evolution of the Corio and Monastero 
PHWDJDEEURV DV UHFRUGLQJ D UHHTXLOLEUDWLRQ
IROORZLQJWKHHPSODFHPHQWLQWKHGHHSFUXVW3 
*3DDQG7 &H[KXPDWLRQ
WKURXJK DPSKLEROLWH IDFLHV FRQGLWLRQV 3  
 *3D DQG 7    & ZLWK D
VXFFHVVLYH JUHHQVFKLVW IDFLHV LPSULQW  < 
3*3DDQG7&7KLVH[KXPDWLRQ
ZDVDVVRFLDWHGZLWKGLIIHUHQWHSLVRGHVRIÀXLG
LQ¿OWUDWLRQ LQ WKH JDEEUR WHVWL¿HG E\ GLIIHUHQW
generations of veins. Acid granulite relics are 
present in the surroundings of the Corio and 
0RQDVWHURPHWDJDEEURVZKHUHWKH6HVLD/DQ]R
=RQH)LJXUHKDVH[SHULHQFHGDWOHDVWVLQFH
the early Alpine stages - a common deformation 
KLVWRU\WRJHWKHUZLWKWKHRSKLROLWLFXQLWVRIWKH
3LHGPRQWRFHDQDQGWKHXOWUDPD¿FVRIWKH/DQ]R
0DVVLIVHHDOVR*RVVRHWDOWKLVYROXPH7KH
UHWURJUDGH SUH$OSLQH3±7 HYROXWLRQZKLFK LV
UHFRQVWUXFWHG WKDQNV WR LWVSUHVHUYDWLRQ LQ OHVV
GHIRUPHG GRPDLQV ZLWKLQ PRVWO\ HFORJLWLVHG
URFNV VHH*RVVRHWDO WKLVYROXPH VXJJHVWV
WKDW WKH H[KXPDWLRQ RFFXUUHG XQGHU D KLJK
thermal regime, such as that resulting from 
lithospheric thinning announcing continental 
rifting, as proposed for the Southalpine and 
Austroalpine domains during Permian times 
'LHOOD HW DO  6FKXVWHU HW DO 
0DURWWDHWDO
Rock description and microstructures
Common elements in both Apennines and 
$OSV DUH WKH W\SH RI URFNV ZKHUH WKH &O
DPSKLEROHV DUH IRXQG LH LQWUXVLYHV RI PD¿F
composition, and the microstructural position of 
the Cl-amphiboles. The latters are either found 
LQYHLQVRUDVULPVRIFRPSOH[O\]RQHGJUDLQVRU
as aggregates in different microdomains. Zoning 
XVXDOO\ LQYROYHV EURZQDPSKLEROH FRUHV 7L
ULFKKLJK WHPSHUDWXUH KRUQEOHQGHV DQGJUHHQ
DPSKLEROH ULPV LQWHUPHGLDWH WHPSHUDWXUH
JUHHQKRUQEOHQGHZLWK WKH&OULFKDPSKLEROH
rimming the latter. Finally in both cases no other 
Cl-bearing minerals have been detected in the 
studied samples.
Cl-amphiboles are found in a series of different 
PLFURVWUXFWXUHV ,Q WKH 1RUWKHUQ $SHQQLQH
WKH VWXG\ RI  VDPSOHV DOORZHG WR UHFRJQLVH
that inFe-DQG0JJDEEURV)LJXUHDEWKUHH
different microstructures may be distinguished 
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)LJXUH
DULPVRIEURZQRUJUHHQKRUQEOHQGH
EYHLQVLQSODJLRFODVHPLFURGRPDLQ
FDFLFXODUDJJUHJDWHVFRURQDHEHWZHHQPD¿F
PLQHUDOV DQGSODJLRFODVHRU DJJUHJDWHVZLWKLQ
WKHSODJLRFODVHPLFURGRPDLQ
LQWKH6HVLD/DQ]R=RQHPHWDJDEEURV)LJXUH
 WKH DQDO\VLV RI  VDPSOHV DOORZHG WR
recognise that Cl-amphiboles are found:
DDVULPVRIEURZQRUJUHHQKRUQEOHQGH
E LQYHLQV WKURXJKSODJLRFODVHS\UR[HQHRU
EURZQDPSKLEROH
G DV JUDQREODVWLF ]RQHG DJJUHJDWHV LQ D
carbonate bearing microdomain;
H DV DFLFXODU DJJUHJDWHV LQ WKH SODJLRFODVH
microdomain.
,Q WKH 1RUWKHUQ $SHQQLQHV LQ )HJDEEURV
the presence of a green amphibole rim 
SVHXGRPRUSKLQJ WKH PDJPDWLF EURZQ
amphibole, and the acicular aggregates usually 
formed at the original grain boundaries on the 
plagioclase microdomain, is strictly associated 
ZLWKWKHSUHVHQFHRIYHLQV)LJXUHD
In addition, a more Cl-rich amphibole rim 
GHYHORSHG DURXQG ]RQHG DPSKLEROHV EURZQ
KRUQEOHQGHFRUHDQGJUHHQKRUQEOHQGHPDQWOH
)LJXUH D *UHHQ DQG FRORUOHVV DFLFXODU &O
amphiboles are found as coronae or as rounded 
¿EURXV DJJUHJDWHV DURXQG SULPDU\ PLQHUDOV
)LJXUHV  DE LQ PLFURIUDFWXUHV )LJXUH E
DQG DORQJ WKH WZLQQLQJ SODQHV RI LJQHRXV
SODJLRFODVH)LJXUHF
In veins the most common paragenesis is green 
Cl-amphibole, chlorite and interstitial colorless 
DPSKLEROHDPSKLEROHVULPWKHYHLQVWRZDUGVWKH
SODJLRFODVHPLFURGRPDLQ)LJXUHE:KHQYHLQV
FURVVFXWSULPDU\PD¿FPLQHUDOVWKHUHLVDSDUWLDO
WRWRWDOUHSODFHPHQWE\JUHHQDPSKLEROH)LJXUH
F3ODJLRFODVH LVPRVWO\SVHXGRPRUSKRVHGE\
DOELWHDQGFURVVFXWE\YHLQV)LJXUHVDEDQG
EFZLWKWKHIROORZLQJPLQHUDOVHTXHQFHODUJH
LGLREODVWLFJUHHQDPSKLEROHV+EO2LQ)LJXUHG
&ODQG)HULFKDPSKLEROH )LJXUHGDQG ODWH
colorless amphiboles.
In Sesia Lanzo metagabbros the Cl-amphiboles 
PLFURVWUXFWXUHV SDUWLDOO\ FRLQFLGH ZLWK WKRVH
IURP WKH 1RUWKHUQ $SHQQLQHV  6XFFHVVLYH
different generations of veins recognizable in 
WKH¿HOGFRQWDLQGLVWLQFWLYHPLQHUDOVVXFKDV&O
DPSKLEROHVRUFKORULWH&DUERQDWHVFDOFLWHDQG
Figure 2. Microphotographs, in plane polarized light, 
RID)HJDEEURVDQGE0JJDEEURVIURPWKH1RUWKHUQ
$SHQQLQHV0RQWH&DSUDDQG%RQDVVROD3ODJLRFODVH
LVLQERWKH[DPSOHVQRWSUHVHUYHGDQGVXEVWLWXWHGE\DQ
LQWHUJURZWKRIDOELWHHSLGRWHFKORULWHSODJLRFODVH
PLFURGRPDLQ 'DUN JUHHQEOXLVK &ODPSKLEROHV DUH
IRXQG DV ULPV DURXQG EURZQ WR JUHHQ DPSKLEROH LQ
veins crosscutting the plagioclase microdomain and in 
acicular aggregates along the primary minerals.
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DQNHULWHZLWKOR]HQJHVKDSHGRSDTXHLQFOXVLRQV
DQG )H±7LR[LGHV DUH VRPHWLPHV RYHUJURZQ
and often completely replaced, by Cl-rich 
green-blue amphibole. These amphiboles are 
also found in millimeter to centimeter veinlets 
WKDWFURVVFXWDOOPLFURGRPDLQVHSLGRWHDOELWLF
plagioclase, pseudomorphs after plagioclase, 
WDOF DIWHU RUWKRS\UR[HQH DQG WKH\ ULP EURZQ
and green amphiboles. Locally, they are rimmed 
E\ D \HOORZLVK HGHQLWLF KRUQEOHQGH$OO WKHVH
REVHUYDWLRQVSRLQWWRÀXLGFLUFXODWLRQUHODWHGWR
WKHVHÀXLGVWREHSUH$OSLQH
A second set of veins is chlorite bearing. Its 
UHODWLRQVKLS ZLWK WKH &ODPSKLEROHEHDULQJ
veins has not been observed so far in the 
¿HOG EXW LQ FRURQLWLF URFNV FKORULWH JURZWK LV
successive to Cl-amphibole. An-rich plagioclase 
LVQRWWUDQVIRUPHGZKHQFURVVFXWE\ZLGHXSWR
FPFKORULWHYHLQV,QFRQWUDVWPD¿FPLQHUDOV
VXFK DV RUWKRS\UR[HQH FOLQRS\UR[HQH DQG
EURZQ DPSKLEROH DUH UHSODFHG UHVSHFWLYHO\
E\ WDOF JUHHQ DPSKLEROH DQG FKORULWH  WDOF
 RSDTXH PLQHUDOV :KHUH FKORULWH YHLQV
DUH WKLQ ZLGHVSUHDG DQG FORVHO\ VSDFHG D
pervasive mineral replacement, giving rise to a 
homogenisation of the different microdomains, 
occurs. Plagioclase is replaced by an aggregate 
of albite2, epidote2, amphibole2, and chlorite. 
Retrogressive transformations are more 
HIIHFWLYH LQ VKHDU ]RQHV ZKHUH ¿QHJUDLQHG
epidote, plagioclase, amphibole, chlorite and 
RSDTXHVGHYHORSHG
Figure 3. Microphotographs of details of Cl-amphibole 
WH[WXUHV LQ )HJDEEURV IURP 1RUWKHUQ $SHQQLQHV
D ]RQHG DPSKLEROH KDV UHGEURZQ KRUQEOHQGH FRUH
and green hornblende mantle. The green-blue rim 
LV &ODPSKLEROH E LQ YHLQV WKURXJK SODJLRFODVH
microdomain, green amphibole and Cl-amphibole are 
SUHVHQWF&ODPSKLEROHULPVDURXQGJUHHQDPSKLEROH
DQGS\UR[HQHDVZHOODVDORQJFOHDYDJHRIVXEVWLWXWHG
SODJLRFODVHG LQYHLQVJUHHQ LGLREODVWLFKRUQEOHQGV
+EO2DUHFURVVFXWE\&ODPSKLEROHV
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,Q XQGHIRUPHG URFNV UHWDLQLQJ ³PDJPDWLF´
RU JUDQREODVWLF WH[WXUHV &ODPSKLEROH ULPV
]RQHG EURZQ WR JUHHQ KRUQEOHQGH )LJXUH
D ¿OOV YHLQV FURVVFXWWLQJ WKH SODJLRFODVH
DQG PD¿F PLQHUDO GRPDLQV )LJXUH E DQG
develops in aggregates replacing the plagioclase 
PLFURGRPDLQ )LJXUHV  DF ,Q UDUH FRURQLWLF
samples a microdomain characterized by a 
FDUERQDWH FDOFLWH DQNHULWH ZLWK )HR[LGHV
DOLJQHGDWWHVWL¿HVWKHFLUFXODWLRQRI&22-
ULFKÀXLGV'DUNJUHHQH[WUHPHO\&OULFK]RQHG
DPSKLEROHV JURZ LQ WKLV PLFURGRPDLQ DQG
are rimmed by actinolites and a garnet corona. 
,Q PRUH GHIRUPHG URFNV WKLV PLFURGRPDLQ LV
characterized by an aggregate of granoblastic 
&ODPSKLEROHV ZLWK D FDOFLF DPSKLEROH
core, a sodic-calcic mantle and a sodic blue 
amphibole rim, all Cl-bearing. In completely 
eclogitised samples, this site is replaced by a 
VLQJOHFU\VWDORIEOXHDPSKLEROHZLWKVPDOO&O
DPSKLEROH LQFOXVLRQV LQ WKH FRUH )LJXUH G
*ODXFRSKDQH PD\ UHSODFH EURZQ DPSKLEROH
actinolitic amphibole and Cl-rich amphiboles, 
completely or partially, starting from the rims. 
,Q WKHVHFDVHV LW LVSRVVLEOH WR ORFDOO\¿QG&O
DPSKLEROHWKDWDUHFDOFRVRGLFRUVRGLFVHHDOVR
7DEOHSRLQWLQJWRDUHFU\VWDOOL]DWLRQDWKLJK3
FRQGLWLRQVRIDPSKLEROHVORFDOO\LQHTXLOLEULXP
ZLWK &OHQULFKHG ÀXLGV 7KHVH REVHUYDWLRQV
Figure 4. Microphotographs of details of Cl-amphibole 
WH[WXUHV LQ )HPHWDJDEEURQRULWH IURP 6HVLD /DQ]R
]RQH D &ODPSKLEROH GHHS EOXHJUHHQ ULPPLQJ
EURZQJUHHQ KRUQEOHQGH ORZHU OHIW VLGH RI LPDJH
DQG LQ WKH FDUERQDWH PLFURGRPDLQ 1RWH WKH VPDOO
vein across plagioclase microdomain in the upper 
ULJKWFRUQHUEDYHLQFURVVFXWWLQJDOOPLFURGRPDLQV
&ODPSKLEROH GDUN EOXH JURZV RQO\ ZKHQ WKH
YHLQV FURVVHV WKH EURZQ KRUQEOHQGH *ODXFRSKDQH
*OQ SDUWLDOO\ VXEVWLWXWHV PD¿F PLQHUDOV F &O
amphibole aggregate in the carbonate microdomain 
DQGRYHUJURZLQJWKHSODJLRFODVHPLFURGRPDLQG&O
DPSKLEROHWKLQULPDURXQGEURZQKRUQEOHQGHFRUHLQD
glaucophane crystal.
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LQGLFDWHWKDW&ODPSKLEROHGHYHORSHGEHIRUH+3
metamorphism, and that only in limited cases 
WKHVHDPSKLEROHVKDYHUHFU\VWDOOL]HGORFDOO\DV
ULPVGXULQJWKHSURJUDGHDOSLQHSDWK
Cl-amphiboles are also found in other 
microdomains:
- in veins, in the plagioclase microdomain 
FURVVFXWWLQJ WKH DJJUHJDWH RI HSLGRWH DOELWH 
chlorite and amphibole after plagioclase, and 
LQPD¿FPLQHUDOPLFURGRPDLQVDORQJS\UR[HQH
cleavage planes;
DVULPVRIEURZQKRUQEOHQGH
- in granoblastic aggregates in plagioclase 
PLFURGRPDLQ WRJKHWKHUZLWKFKORULWRLG LQ WKLV
FDVHWKH&ODPSKLEROHLVVRGLFRUFDOFRVRGLF
 LQXS WRFPZLGHEDQGVPDGHRIJUHHQ
DPSKLEROH DV DPDQWOH ULP EHWZHHQ D EURZQ
amphibole core and an actinolitic rim or in veins 
FXWWLQJODUJHUDFWLQROLWLFDPSKLEROHVSUREDEO\
representing amphibole rich veins similar to 
those observed in ophiolites.
Mineral Chemistry
0LQHUDOV ZHUH DQDO\VHG ZLWK D -(2/ -;$
840A microprobe of Centro Grandi Stumenti, 
8QLYHUVLWjGL3DYLD1DWXUDOVLOLFDWHVDQGR[LGHV
ZHUHXVHGDV VWDQGDUGV DQGHOHPHQWVZHUH
measured, using the program TASK and the PRZ 
FRUUHODWLRQPDWUL[ZLWKDQHVWLPDWHGSUHFLVLRQ
RI  RQ PDMRU HOHPHQWV DQG  RQ PLQRU
HOHPHQWV7KH DFFHOHUDWLQJYROWDJHZDVN9
ZLWKDQ$FXUUHQWRQDȝPDUHD LQRUGHU
WRUHGXFHPDWUL[HIIHFWV7KHVWUXFWXUDOIRUPXODH
ZHUHFDOFXODWHGXVLQJWKHSURJUDP$03+(7+
=XULFK DPSKLEROH IRUPXODHZHUH UHFDOFXODWHG
RQ WKH EDVLV RI  R[\JHQV DFFRUGLQJ WR WKH
PHWKRGGHVFULEHGE\/DLUGH$OEHHDQG
WKH,0$FODVVL¿FDWLRQRI/HDNHHWDODQG
XVLQJDGLDJUDPFRPSDULQJ1D.A and AlIV, 
WKXV YLVXDOLVLQJ WKH HGHQLWLF DQG WVFKHUPDNLWLF
VXEVWLWXWLRQV ZKLFK DUH YHU\ LPSRUWDQW LQ &O
EHDULQJ DPSKLEROHV )LJXUH 5HSUHVHQWDWLYH
PLQHUDO FRPSRVLWLRQV RI &ODPSKLEROHV ZLWK
indications of the microstructural domains 
ZKHUH DPSKLEROH DUH IRXQG DQG WKH W\SH RI
URFNV KRVWLQJ WKHP DUH OLVWHG LQ 7DEOH  IRU
WKH1RUWKHUQ$SHQQLQHDQGLQWDEOHIRU6HVLD
Lanzo.
The crystallization of Cl-amphiboles depends 
IURPVHYHUDOIDFWRUVDWKHDPSKLEROHVWUXFWXUH
9ROO¿QJHU HW DO  0DNLQR HW DO 
2EHUWLHWDODQGUHIHUHQFHVWKHUHLQEWKH
37FRQGLWLRQVRIFU\VWDOOL]DWLRQFZKROHURFN
FRPSRVLWLRQ G WKH FRPSRVLWLRQ RI WKH ÀXLGV
.XOOHUXG  .XOOHUXG 	 (UDPEHUW 
.XOOHUXGHWDO
According to some authors the Cl content of 
DPSKLEROH LV SULQFLSDOO\ FRQWUROOHG E\ WKH )H
0JUDWLR9RO¿QJHUHWDOZKHUHDVRWKHUV
2EHUWLHWDOKDYHSRLQWHGRXWWKDWWKHUH
DUHVHYHUDOFRQVHTXHQFHVRQDPSKLEROHVWUXFWXUH
ZKHQ&O LV LQFRUSRUDWHG PRUH. LQ WKH$VLWH
and substitution of Al for Si in the tetrahedral 
VLWH +RZHYHU WKH LPSOLFDWLRQV RI WKH WZR
models of incorporation of Cl in amphibole are 
VXEVWDQWLDOO\GLIIHUHQWWKH¿UVWRQHLVEDVHGRQ
the assumption of a constant composition of the 
ÀXLGZKHUHDVWKHVHFRQGLPSOLHVWKDWYDULDWLRQV
in amphibole Cl content are controlled by the 
aCl-D2+.
Cl incorporation in the amphibole structures 
LV LQ WKH2 VLWHPRUH H[DFWO\ LQ WKH VDWHOOLWH
VLWH 2¶ 2EHUWL HW DO  &O KDV D ODUJH
LRQLFUDGLXVDQGVXEVWLWXWHVWKH2+- group. This 
substitution is favoured by an enlargement of the 
tetrahedric chain and of the octahedral ribbon. 
7KH HQODUJHPHQW RI WKHVH WZR VWUXFWXUDO XQLWV
can be achieved by Al-Si substitution in the 
WHWUDKHGULFFKDLQDQGZLWKWKHFRQWHPSRUDQHRXV
HQWUDQFH RI )H LQ WKH RFWDKHGUDO VLWHV ,WR
and Anderson, 1983; Oberti et al., 1993 and 
UHIHUHQFHV WKHUHLQ 7KHUHIRUH WKH FKHPLFDO
FRPSRVLWLRQRI&ODPSKLEROHV LQ WHUPVRI1D
K, Fe, Al and Si is dependent on Cl content for 
WKH VDPH ZKROH URFN FRPSRVLWLRQ DQG 3 7
FRQGLWLRQV0RULVRQ2EHUWLHWDO
.XOOHUXG  6DWR HW DO  0DUNO DQG
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 7DEOH5HSUHVHQWDWLYHDQDO\VHVRI&ODPSKLEROHVIURPWKH1RUWKHUQ$SHQQLQH
Mg-gabbro
 rims of AMP veins in PL - 1
 3DUJ+E 3DUJ+E SDUJ+E (G 0J+E (G+E (G
SiO2 44.21 45.97 47.31 48.40 48.98  48.41
TiO2  1.21 1.44 0.38 0.14 0.43 0.33
Al2O3 13.51 9.03 8.18 8.88 5.70 9.24 8.89
Cr2O3 0.01 0.00 0.00 0.00 0.00 0.00 0.00
FeO 10.81 12.18 11.57  18.42 12.17 11.59
MnO 0.14 0.22 0.20 0.13 0.20 0.18 0.14
MgO 14.02 14.55 15.01  12.27 15.88 
CaO 11.15  11.87  11.57 12.03 
1D2O 2.33 2.15 1.84 1.87  2.04 1.92
K2O 0.24 0.28 0.21 0.12 0.11 0.13 0.10
Cl 0.18 0.22 0.20 0.20 0.18 0.20 
Tot 99.22 97.42 97.78  98.79 98.70 99.75
        
Si     7.20  
Ti 0.29 0.13  0.04 0.01 0.05 0.03
Al 2.28 1.57 1.40 1.49 0.98 1.57 1.49
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.02 0.03 0.03 0.02 0.02 0.02 0.02
Mg 2.99 3.19 3.25 3.44  3.40 3.40
Ca 1.71 1.83 1.85 1.83 1.82 1.85 1.84
1D   0.52 0.52  0.57 0.53
K 0.04 0.05 0.04 0.02 0.02 0.02 0.02
Cl 0.04  0.05 0.05 0.04 0.05 0.04
Fe 0.00 0.00 0.00  0.21 0.43 0.20
Fe 1.10 1.33  1.04 1.94 1.31 1.02
AlIV  1.25 1.12 1.09 0.80 1.34 1.15
AlVI  0.32 0.28 0.40 0.18 0.23 0.34
1DM4 0.10 0.00 0.02 0.00 0.00 0.00 0.00
1DA 0.55  0.50 0.52  0.57 0.53
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 Table 1. Continued…
Mg-gabbro Fe-gabbro
veins in PL - 2 aggregates
0J+E 0J+E 0J+E )H+ESDUJ )H+ESDUJ )H+ESDUJ )H+ESDUJ )H+ESDUJ
SiO2 49.07 47.73 48.51 40.79 40.98  39.48 
TiO2 0.09 0.10 0.10 0.12 0.24 0.13 0.00 0.00
Al2O3  7.59 7.30 15.34   12.01 11.78
Cr2O3 0.00 0.00 0.00 0.05 0.07 0.09 0.08 0.08
FeO    19.97  27.15 27.11 27.44
MnO 0.21 0.19 0.22 0.27 0.32  0.13 0.27
MgO 13.13   7.74 5.34  4.09 4.32
CaO 11.75 11.29 11.72 11.51 11.38  11.47 11.43
1D2O 1.54 1.74 1.74 2.72 2.41 2.49  2.33
K2O 0.13 0.12 0.13 0.07 0.22  0.12 
Cl 0.33 0.12 0.41 0.33 0.39 0.44 0.52 0.57
Tot 99.10 98.48 99.53 98.84 98.08  97.25 99.11
         
Si 7.14 7.01 7.03     
Ti 0.01 0.01 0.01 0.01 0.03 0.02 0.00 0.00
Al  1.31 1.25 2.72 2.10 2.30 2.24 2.15
Cr 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Mn 0.03 0.02 0.03 0.03 0.04 0.03 0.02 0.04
Mg 2.85  2.94 1.73 1.24 0.98  1.00
Ca 1.83 1.78 1.82 1.85 1.90 1.92 1.94 1.90
1D 0.43 0.49 0.49 0.79 0.73 0.74 0.72 0.70
K 0.02 0.02 0.02 0.01 0.04 0.03 0.02 0.03
Cl 0.08 0.09 0.10 0.08 0.10 0.12 0.14 0.15
Fe 0.05 0.13  0.18 0.30 0.41 0.52 0.42
Fe 1.73  1.48 2.18 2.90 3.01 3.01 3.04
AlIV 0.34 0.99 0.97 1.87    
AlVI 0.33 0.32 0.28 0.85 0.48 0.54 0.48 0.49
1DM4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1DA 0.43 0.49 0.49 0.79 0.73 0.74 0.72 0.70
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7DEOH  5HSUHVHQWDWLYH DQDO\VHV RI &ODPSKLEROHV IURP WKH 6HVLD/DQ]R ]RQH &RULR DQG
0RQDVWHUR         
  
meta-Fe-gabbro norite
granoblastic aggregates veins in PL YHLQVLQ3;
Al-rich Al-rich Al-rich
Al-
rich
Al-
rich
Al-
rich Al-rich Al-rich
Fe-
Barr Al-rich Barr
Al-
rich
SiO2  38.88 38.43       38.88 38.20 
TiO2 0.40 0.58 0.29 0.28 0.18 0.52 0.37 0.39 0.30 0.12 0.12 0.29
Al2O3 14.45 12.15 12.44  14.19 12.49  14.23 11.72 15.39 15.04 
Cr2O3 0.07 0.09 0.00  0.00 0.11 0.08 0.08 0.08 0.02 0.02 0.07
FeO 28.02   27.24 25.98    27.59   17.72
MnO 0.19 0.19 0.11 0.15 0.09 0.23 0.18 0.19 0.13 0.15 0.12 0.04
MgO 2.92  3.82 3.82 3.32 1.51  3.25 3.45 2.13 2.42 12.77
CaO 10.43 9.98 10.52 10.73 10.03 10.42 9.92 10.04  9.47 9.19 11.77
1D2O  3.75 3.31  3.39 3.38 3.72 3.77 3.38 3.83 3.24 1.25
K2O 1.22 0.91 0.83 0.95 0.87 1.14 1.00 1.00 1.00 0.92 0.91 0.14
Cl 3.22 2.71 2.83 4.20 2.82 3.09 2.82 3.04  2.90  0.13
Tot 101.23 100.57 98.74 99.33 98.55 99.84  100.80 99.95 100.74  98.49
 
Si 5.82     5.90 5.85     
Ti 0.05 0.07 0.04 0.04 0.02  0.04 0.05 0.05 0.01 0.01 0.04
Al 2.70 2.28 2.35 2.00  2.41 2.99   2.84 2.83 2.24
Cr 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.01
Mn 0.03 0.03 0.02 0.02 0.01 0.03 0.02 0.03 0.02 0.02 0.02 0.02
Mg   0.91 0.94 0.79 0.37   1.17 0.50 0.58 0.84
Ca 1.77 1.70 1.81 1.90 1.72 1.82    1.59 1.57 1.89
1D 1.09  1.03 1.27 1.05 1.07 1.12 1.15 1.01  1.00 
K 0.25 0.18 0.17 0.00 0.18 0.24 0.20 0.20 0.17 0.18 0.19 0.21
Cl  0.73 0.77 1.18   0.74 0.81 0.73 0.77 0.72 1.03
Fe  0.48 0.42 0.20 0.57 0.70  0.59 0.35 0.41  0.40
Fe 3.03 3.33 3.09 3.57 2.91 3.52 2.87  3.01 3.12 2.84 3.35
AlIV 2.18 1.82 1.83 1.77 1.98 2.10 2.15 2.04 1.28 1.91 1.91 1.89
AlVI 0.52 0.45 0.52 0.23 0.70 0.30 0.84  0.39 0.94 0.92 
1DM4 0.23 0.30 0.19 0.10 0.28 0.18 0.35 0.31 0.38 0.41 0.43 0.11
1DA   0.84 1.17 0.77 0.90 0.77 0.85  0.75 0.57 0.95
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Table 2. Continued…
meta-Fe-gabbro norite
veins in AMP rims of AMP aggregates
Fe-
Barr
Fe-
Barr
Cross Al-
rich
Fe-
Barr
Al-
rich
VOL VO Act Act
SiO2 40.44 41.59 38.78   38.50    49.48
TiO2  0.09 0.42 0.32 0.09 0.00 0.32 0.24 0.30 
Al2O3 8.45 9.15 12.24 11.83 7.02 15.89 11.83 13.51 5.80 5.77
Cr2O3 0.19 0.24 0.13 0.18 0.27 0.05 0.18 0.03 0.09 0.04
FeO 25.00 25.42 27.33  24.83   23.93 23.09 15.94
MnO 0.14 0.15 0.20 0.14 0.17 0.15 0.14  0.18 0.25
MgO 5.05 4.81 3.30   3.57   8.18 13.77
CaO 10.22 10.28  8.94 9.92 8.97 8.94 10.23 9.17 8.13
1D2O 2.43 2.59 3.22 4.43 2.38 2.98 4.43  2.88 2.53
K2O  0.54 1.05 1.17 0.45 0.51 1.17 3.25 0.41 0.18
Cl 2.20 2.24 3.70 3.84 2.34 2.07 3.84  1.22 0.19
Tot 94.74 97.10 100.99  92.45 97.38  98.27 97.84 
 
Si         7.73 7.58
Ti 0.01 0.01 0.05 0.04 0.01 0.00 0.04 0.03 0.03 0.02
Al  1.73 2.30  1.40 2.92   0.29 0.51
Cr 0.03 0.03 0.02 0.02 0.04 0.01 0.02 0.00 0.01 0.01
Mn 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.02
Mg 1.24 1.15 0.78  1.17 0.83  1.05 2.80 2.72
Ca 1.80  1.81  1.80 1.50  1.80 1.85 1.71
1D 0.77 0.80 1.00 1.45 0.78 0.90 1.45 0.52  
K 0.12 0.11 0.21 0.25 0.10 0.10 0.25  0.03 0.04
Cl   1.00 1.10  0.55 1.10 1.31 0.03 
Fe 0.55  0.39  0.38 1.07  0.51 0.00 0.00
Fe 2.88 2.94 3.25 3.52 3.14 2.15 3.52 2.78 2.18 2.33
AlIV  1.34 1.82 1.78  2.00 1.78 2.00 0.27 0.42
AlVI 0.28 0.39 0.48 0.58 0.24 0.92 0.58  0.02 0.09
1DM4 0.20 0.24 0.19 0.38 0.20 0.50 0.38 0.20 0.11 0.11
1DA 0.57 0.57 0.81 1.07 0.58 0.40 1.07 0.32 0.25 0.35
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%XFKHUHWDO.XOOHUXG	(UDPEHUW
/LXHWDOWKHUHLVDSRVLWLYHFRUUHODWLRQ
EHWZHHQ&ODQG)H$O.DQG1D$ RU$VLWH
RFFXSDQF\DQGDQHJDWLYHFRUUHODWLRQEHWZHHQ
&ODQG0J6LDQG1D0RU0J0J)HUDWLR
7KHVHWUHQGVDUHREVHUYHGLQERWKWKH1RUWKHUQ
Apennine and Sesia Lanzo amphiboles, but are 
very evident in the Sesia Lanzo amphiboles, 
ZKRVH &O FRQWHQWV VSDQ RYHU D ZLGH UDQJH DV
WKH\FDQKDYHXSWRZW&O)LJXUHVDQG
 &ODPSKLEROHV DUHPRUH FRPPRQ LQ )H7L
ULFK URFNV WKDQ LQ0J ULFKRQHV DV HYLGHQFHG
by their abundance in Fe-gabbros and rarity in 
Mg-gabbros. In the latter they have the highest 
&O FRQWHQWV ,Q WKH 1RUWKHUQ $SHQQLQHV 0J
JDEEURV&ODPSKLEROHVZLWK&OFRQWHQWVRI
ZWDUHIRXQGLQYHLQVDQGDVULPVRIPD¿F
PLQHUDOV 7KH\ YDU\ IURP (GHQLWHV WR (GHQLWLF
hornblendes, to Pargasites.
$V D FRQVHTXHQFH RI WKH LQÀXHQFH RI &O
content on other cations, Cl-amphiboles have 
DZLGHUDQJHRIFRPSRVLWLRQVDQGDUHFODVVL¿HG
LQPDQ\GLIIHUHQWW\SHVIROORZLQJ/HDNHHWDO
 ,Q WKH 1RUWKHUQ$SHQQLQHV DOO WKH &O
amphiboles are calcic and range in composition 
IURP(GHQLWHVWR+RUQEOHQGHV,Q6HVLD/DQ]R
ZKHUH WKH &O FRQWHQWV DUH PRUH H[WUHPH DQG
Cl-amphiboles recrystallize at different times 
and PT conditions, they can be either calcic 
IURP (GHQLWHV 3DUJDVLWHV WR +RUQEOHQGHV WR
Actinolites in rims, veins or acicular aggregates 
RQSODJLRFODVHFDOFRVRGLF)H%DUURLVLWHVDQG
%DUURLVLWHVLQULPVRURYHUJURZLQJYHLQVVRGLF
&URVVLWHV DQG *ODXFRSKDQHV RYHUJURZLQJ
veins or in the plagioclase domain aggregates 
WRJKHWKHU ZLWK HSLGRWH DQG FKORULWRLG RU $O
ULFK DPSKLEROHV 3DUJDVLWHV WR 6DGDQDJDLWHV
DFFRUGLQJ WR 7KRPSVRQ  7KH SUHVHQFH
RI1DDQG&D1DDPSKLEROHV LQ6HVLD/DQ]R
metagabbro is not only an effect of Cl content on 
)LJXUH  1D$ vs AlIV LQ DPSKLEROHV IURP WKH 1RUWKHUQ$SHQQLQHV UHG DQG \HOORZ V\PEROV LQGLFDWLQJ
)HJDEEUR DQG 0JJDEEUR UHVSHFWLYHO\ DQG 6HVLD /DQ]R EOXH V\PEROV 'LIIHUHQW V\PEROV UHSUHVHQW
PLFURGRPDLQVZKHUH&ODPSKLEROHVDUHREVHUYHG<HOORZFLUFOH ULPVRIEURZQRUJUHHQDPSKLEROH\HOORZ
OR]HQJH  YHLQV LQ SODJLRFODVH  \HOORZ WULDQJOHV   YHLQV LQ SODJLRFODVH  UHG VTXDUHV   DFLFXODU DQG
JUDQREODVWLFDJJUHJDWHV%OXHVWDU JUDQREODVWLFDJJUHJDWHVEOXHOR]HQJH YHLQVLQSODJLRFODVHEOXHWULDQJOHV
 YHLQVLQS\UR[HQHEOXHFURVVHV YHLQVLQDPSKLEROHEOXHFLUFOHV EURZQRUJUHHQDPSKLEROHULPVEOXH
VTXDUH DJJUHJDWHVRQSODJLRFODVH6HHWH[WIRUDGHWDLOHGH[SODQDWLRQRIWH[WXUHV
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)LJXUH&OYV$OIVD&OYV$VLWHRFFXSDQF\EDQG&OYV0J0J)HLQDPSKLEROHVIURPWKH$SHQQLQHV
FROXPQDQGIURP6HVLD/DQ]RDQG$SHQQLQHIRUFRPSDULVRQFROXPQ1RWHWKHGLIIHUHQWVFDOHVDQGWKHFOHDU
FRPSRVLWLRQDOWUHQGVDVVRFLDWHGWR&OFRQWHQWLQDPSKLEROH,QFROXPQ\HOORZV\PEROVUHSUHVHQWDPSKLEROHV
IURPWKH1RUWKHUQ$SHQQLQHVWRIDFLOLWDWHFRPSDULVRQV6HH)LJXUHFDSWLRQIRUH[SODQDWLRQRIV\PEROV
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)LJXUH1D1D&DYV$O$O6LLQ&ODPSKLEROHVIURPWKH1RUWKHUQ$SHQQLQHVDQG6HVLD/DQ]R]RQHD
DQGZLWKLQDVLQJOHVDPSOHRIPHWD)HJDEEURQRULWHIURP6/]RQHDFFRUGLQJWRPLFURGRPDLQLQE6\PEROV
DVLQOHJHQGDQG)LJXUHVDQG7KHUHGFURVVHVLGHQWLI\DPSKLEROHZLWKLQWHUPHGLDWHWH[WXUDOSRVLWLRQVDQG
RUYHU\ORZ&OFRQWHQWV
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DPSKLEROHFRPSRVLWLRQEXWDOVRDFRQVHTXHQFH
of successive amphibole recrystallization at 
GLIIHUHQW 37 FRQGLWLRQV QDPHO\ JURZWK DW
ORZ 3 PHGLXP WR ORZ 7 FRQGLWLRQV GXULQJ
H[KXPDWLRQ DQG WKHQ UHFU\VWDOOL]DWLRQ DW +3
conditions, see Rebay and Spalla, 2001; Rebay, 
2003; Rebay and Messiga, 2007 and Gosso et 
DOWKLVYROXPHDVWHVWL¿HGE\WKHUHODWLRQVKLSV
EHWZHHQ FRPSRVLWLRQ DQGPLFURVWUXFWXUHV DQG
FRPSRVLWLRQDQGJURZWKVWDJH)LJXUHVDQG
In Mg-gabbros Cl-amphiboles pseudomorphing 
EURZQ+RUQEOHQGHV KDYH&O FRQWHQWV EHWZHHQ
DQGZWEHLQJ3DUJDVLWLF+RUQEOHQGHV
ZLWK$OIV DQG1D$ FRQWHQWV EHWZHHQ  DQG
 DSIX DQG  DSIX UHVSHFWLYH\ZLWK7L
EHWZHHQDQGDSIX*UHHQDPSKLEROHVLQ
YHLQVDUH(GHQLWHV(GHQLWLF+RUQEOHQGHV0J
+RUQEOHQGHV XS WR$FWLQROLWHV VHH )LJXUH G
DQG7DEOH7KH¿UVWWKUHHW\SHVRIDPSKLEROH
KDYH&ORIZWDQGDUHFXWE\IUDFWXUHV
ZKHUH K\GURWKHUPDO ÀXLGV FLUFXODWHG FDXVLQJ
WKH FU\VWDOOL]DWLRQ RI &OULFK 0J+RUQEOHQGHV
&OXSWRZW,Q ODWHUIUDFWXUHVFRORUOHVV
DFWLQROLWLF +RUQEOHQGHV DQG $FWLQROLWHV KDYH
less edenitic substitution and AlIVEHWZHHQ
and 0.34 apfu.
7KH PD[LPXP &O FRQWHQW LV IRXQG LQ WKH
acicular aggregates present in Fe-gabbros: 
WKH\ DUH )H 3DUJDVLWLF +RUQEOHQGHV LQ ZKLFK
&OUHDFKHVZWDQGZLWK$OIVEHWZHHQ
DQGDSIX1D$EHWZHHQDQGDQGWKH
ORZHVW;Mg of 0.2-0.5.
:LWKLQ WKH PDMRU WUHQGV LQ WKH GLIIHUHQW
analysed samples, Cl contents of amphibole are 
QRW RQO\ GHSHQGHQW RQ WKH DYDLODEOH TXDQWLW\
RI&OLQWKHV\VWHPDQGRQ37FRQGLWLRQVRI
formation: they also change according to the 
PLFURVWUXFWXUHLQZKLFKWKH\GHYHORSRUWRWKH
ZKROHURFNFRPSRVLWLRQ)LJXUHVDQG
,Q WKH 1RUWKHUQ $SHQQLQHV &ODPSKLEROHV
DOZD\VKDYH&OZWDQG&OFRQWHQWDUHXVXDOO\
positively correlated to AlIVDQG1D.A, that 
LVWRVD\IURP(GHQLWLFWR3DUJDVLWLFVXEVWLWXWLRQ
)LJXUHDQGWR)HFRQWHQWRIDPSKLEROH
In Fe-gabbros they are found in late aggregates 
and in veins. In the aggregates constituting 
FRURQDH EHWZHHQ DPSKLEROH DQG SODJLRFODVH
microdomain, Cl content is higher in rims than 
in cores of each crystal of the aggregate. The 
&O FRQWHQW LQFUHDVHV DOVR WRZDUGV WKH PD¿F
PLQHUDOV)LJXUHVDQG
$PSKLEROHVLQYHLQVKDYHDZLGHFRPSRVLWLRQDO
range. Within a single vein, multiple generations 
RIRIWHQ]RQHGDPSKLEROHDUHUHFRJQLVHGWKDQNV
to their superposition relationships. The earliest 
DPSKLEROHVDUH(GHQLWLF+RUQEOHQGHVZLWKKLJK
HGHQLWLFVXEVWLWXWLRQV1D$ DSIXDQG7L
DURXQGDSIXVXJJHVWLQJWKDWWKH¿UVWIUDFWXUHV
ZHUH IRUPHG XQGHU KLJK 7 K\GURWKHUPDO
conditions. Later amphiboles are characterized 
E\ D GHFUHDVH LQ 7L DQG 1D$, suggesting a 
SURJUHVVLYH ORZHULQJ RI WHPSHUDWXUHV ;Mg in 
veins is similar to that of the green metamorphic 
DPSKLEROHVLQWKHKRVWURFN,WLVKLJKHULQ0J
Al gabbros than in Fe-Ti gabbros, suggesting 
D VWULFW FRQWURO RI WKH EXON URFN FRPSRVLWLRQ
on amphiboles in veins. Within this general 
behaviour, in less deformed samples amphiboles 
in smaller veins have different composition 
according to the microdomain crosscut by the 
vein: the ones on plagioclase have higher Al and 
1DFRQWHQWVWKRVHRQS\UR[HQHKDYHKLJKHU)H
and Mg. These same variations and Cl contents 
have been already observed in present day 
RFHDQ LQ WKH0$5.DUHDJDEEURV 0pYHO DQG
Cannat, 1991; Gillis et al., 1993; Coogan et al., 
 &RUWHVRJQR HW DO  DQG GHVFULEHG
E\ 7ULEX]LR HW DO  LQ WKH 1RUWKHUQ
Apennines.
,Q WKH &RULR 6HVLD /DQ]R PHWDPRUSKRVHG
)HJDEEURQRULWH VHH 7DEOH  DQG )LJXUH 
WKH &O DPSKLEROHV JURZLQJ LQ YHLQV FURVVLQJ
WKH SODJLRFODVH PLFURGRPDLQ DOZD\V KDYH
$O$O6L !  ZKHUHDV WKRVH LQ WKH VDPH
YHLQV KDYH $O$O6L    ZKHQ FURVVLQJ
WKH S\UR[HQH PLFURGRPDLQ HYHQ LI WKH\
have comparable Cl contents. This is in good 
DJUHHPHQW ZLWK WKH GLIIHUHQW FRPSRVLWLRQV RI
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the microdomains, as plagioclase is more Al-
ULFK WKDQ WKH PD¿F PLQHUDOV &ODPSKLEROHV
rims around hornblendes have the highest 
K contents at comparable Cl contents, as 
hornblendes have the highest K content of 
DOO DPSKLEROH 7KLV SRLQWV WR WKH LQÀXHQFH RI
DPSKLEROHFRPSRVLWLRQZKHQUHDFWLRQVGHSHQG
on diffusion at the intergranular scale along 
short distances. Cl-amphiboles from carbonate-
EHDULQJPLFURGRPDLQDQGULPPLQJ+RUQEOHQGHV
KDYH WKH KLJKHVW &O FRQWHQWV $O$O6L
EHWZHHQDQGDQG92O5XSWRZW
('6VHPLTXDQWLWDWLYHDQDO\VHV
1D DPSKLEROHV DIWHU &ODPSKLEROHV LQ
veins are Fe-Glaucophanes in the plagioclase 
PLFURGRPDLQ ZLWK D ORZHU 1D1D&D
than the Crossites in the carbonate-bearing 
PLFURGRPDLQ ZKLFK KDYH RQ WKH RWKHU KDQG
higher Si contents. A similar evolution is 
REVHUYHG LQ WKH ULPV DURXQG S\UR[HQH ZKHUH
1D&DDPSKLEROHGHYHORSVGXULQJWKHSURJUDGH
HYROXWLRQ IROORZLQJ DQ $FWLQROLWH ULP ZLWK
KLJKHU6LDQGORZHU$OFRQWHQWVWKDQWKRVHWKDW
GHYHORSDIWHUWKHFDUERQDWHJURZWK
$ FRPSDULVRQ ZLWK RWKHU &ODPSKLEROHV
observed both in oceanic and continental 
VHWWLQJV DQG DVFULEHG WR WKH LQ¿OWUDWLRQ RI
&OULFK ÀXLGV LV SUHVHQWHG LQ )LJXUH  7KH
DQDO\VHG DPSKLEROHV VKRZ ODUJH YDULDWLRQV LQ
Si, AlIV, AlVI, Fe, Mg, K and Cl, and this may 
be related to the ratio a+&OÀXLGD+2ÀXLG of the 
ÀXLG LQ HTXLOLEULXP ZLWK WKH DPSKLEROHV DW
various stages of the metamorphic evolution 
RI WKHJDEEURLF URFNV$PSKLEROHV WKDW ORFDOO\
DUHFKDUDFWHUL]HGE\H[WUHPHO\KLJK&OFRQWHQWV
FRXOG WKXV VXJJHVW HTXLOLEUDWLRQZLWKD ORFDOO\
HQULFKHG &OÀXLG SUREDEO\ IRUPHG LQ SODFHV
ZKHUH WKH V\VWHP UHVXOWHG ORFDOO\ FORVHG DQG
are more common in continental settings than 
LQRFHDQLFRQHVDVHYLGHQWDOVRLQWKHH[DPSOHV
discussed here. In such a case hydration reaction 
FRQVXPHG WKH +22 FRPSRQHQW RI WKH ÀXLG
OHDYLQJD&OHQULFKHGÀXLGUHHTXLOLEUDWHGZLWK
the crystallising amphibole. This also suggests 
WKDW WKH YROXPHV RI ÀXLGV LQWHUDFWLQJZLWK WKH
FRQWLQHQWDO FUXVW FRXOG EH ORZHU WKDQ WKRVH
LQWHUDFWLQJZLWK WKHRFHDQLFFUXVW$VDPDWWHU
of fact, the Cl content of amphibole in veins is 
JHQHUDOO\ORZHUZKHUHDVWKHKLJKO\YDULDEOH&O
FRQWHQWVRIULPVPD\EHH[WUHPHO\KLJK
Calculations based on amphibole thermometry 
VXJJHVWWHPSHUDWXUHVRIHTXLOLEUDWLRQRIWKH&O
DPSKLEROHV XS WR  & IRU WKH DPSKLEROHV
IURPWKH$SHQQLQHVDQGXSWR&IRUWKRVH
IURPWKH6HVLD/DQ]R=RQH5HED\DQG6SDOOD
5LFFDUGL
Discussion
&OULFKÀXLGVLQGLIIHUHQWJHRORJLFDOFRQWH[WV
&ODPSKLEROHV ,WR DQG $QGHUVRQ 
0pYHO9DQNRIRXQGLQSUHVHQWGD\
RFHDQLFURFNV)H7LJDEEURVGLRULWHVIROLDWHG
DPSKLEROLWHVKDYHSRVLWLYH&O)HDQG&O.DQG
Cl-AlIVFRUUHODWLRQV'LFNDQG5RELQVRQ
.DPLQHPL HW DO  0pYHO  7KHVH
FRUUHODWLRQV DUHPRUH HYLGHQW LQ URFNVZLWK &O
FRQWHQWV !  ZW$PSKLEROHV WKDW DUH SRRU
in Si and Mg and rich in Al and Fe are therefore 
WKRVH WKDW FDQ DFFRPPRGDWH WKH PD[LPXP &O
0pYHO
As already pointed out, Cl-amphibole 
crystallization is dependent upon various factors: 
 FKHPLFDO FRPSRVLWLRQ RI WKH ZKROHURFN
V\VWHP  FKHPLFDO FRPSRVLWLRQ DQG HYROXWLRQ
RI WKH FLUFXODWLQJ ÀXLGV  VWUXFWXUH RI WKH
DPSKLEROH  37 FRQGLWLRQV RI FU\VWDOOL]DWLRQ
The most favourable “chemical” conditions for 
WKHJURZWKRI&ODPSKLEROHDUHWKRVHRIIHUHGE\
WKHPRVWGLIIHUHQWLDWHGURFNV)H7LJDEEURVDQG
GLRULWHVDQGE\WKHSUHVHQFHRIHYROYHG&OULFK
K\GURWKHUPDOÀXLGV
The content of Cl in Fe-Ti gabbro from 
1RUWKHUQ $SHQQLQHV DPSKLEROHV LV OHVV WKDQ
 8VXDOO\ LW LV ZHOO FRUUHODWHG ZLWK $OIV, 
Fetot DQG 1D.A LH FRQVLVWHQW ZLWK WKH
(GHQLWLF VXEVWLWXWLRQ VHH )LJXUH  5HODWLQJ
the chemical composition of amphiboles 
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ZLWK WKHLU JURZWK KLVWRU\ GXULQJ WKH FRPSOH[
metamorphic evolution, it is clear that amphibole 
composition depends upon T of crystallization, 
ÀXLGSKDVHFRPSRVLWLRQ7ULEX]LRHWDO
DQG PLFURVWUXFWXUDO GRPDLQ LQ ZKLFK WKH\
crystallize. Microprobe and single crystal 
;UD\ GLIIUDFWLRQ GDWD 5LFFDUGL  RQ
WKHVH DPSKLEROHV VKRZ HYLGHQFH RI WKH IDFW
)LJXUH&OYV;MgDQG$VLWHRFFXSDQF\LQGLIIHUHQW&ODPSKLEROHVIURPWKHZRUOGUHGUDZQDIWHU.XOOHUXG
ZLWKSUHVHQWZRNGDWDDGGHGIRUFRPSDULVRQ .UXWRY 'DWDIURP.XOOHUXGDQG
UHIHUHQFHVWKHUHLQ 'LFNDQG5RELQVRQ 6KDUPD .DPLQHQLHWDO 9LHO]HXI
 ,WRDQG$QGHUVRQ 9DQNR 5DRDQG5DR 6XZDHWDO
 &DVWHOOL 0RUDDQG9HOO\ 0RUULVRQ 7UDF\ (QDPLHWDO
 2HQDQG/XVWHQKRXZHU 6RQQHQWKDO -LDQJHWDO .XOOHUXG
 /pJHUHWDO 6DWRHWDO 1RUWKHUQ$SHQQLQH%RQDVVRODDQG0RQWH
&DSUDWKLVZRUN 6HVLD/DQ]R=RQH&RULRDQG0RQDVWHURWKLVZRUN
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WKDW DOOKDYH ORZ 1D0 LQGLFDWLQJ ORZ3
FRQGLWLRQVRIIRUPDWLRQORZ7LFRQWHQWVDQG
edenitic substitution in Cl absent amphiboles 
GXH WR D SURJUHVVLYH 7 GHFUHDVH  D KLJKHU
FXPPLQJWRQLWLFVXEVWLWXWLRQ&D0DSIX
LQ)H7LJDEEURVWKDQLQ0J$OJDEEURVDQ
increase in Fetot, AlIV and A site occupancy at 
the increase of Cl.
,Q WKH 1RUWKHUQ $SHQQLQHV JDEEURV
PHWDPRUSKLF UHDFWLRQV IROORZLQJ WKH GXFWLOH
GHIRUPDWLRQHYHQW0ROOLDUHDOOUHODWHGWR
K\GURWKHUPDO ÀXLG LQ¿OWUDWLRQ /5(( DQG WUDFH
element composition of amphiboles suggest that 
WKHÀXLGVGHULYHGIURPPDULQHZDWHUV5LFFDUGL
1994; Tribuzio et al., 1995; Tribuzio et al., 1997; 
7ULEX]LRHWDO
The chemical evolution of amphiboles 
developed after the ductile deformation event 
in oceanic gabbros is clearly indicative of a 
temperature decrease, from amphibolite- to 
JUHHQVFKLVWIDFLHV WR YHU\ ORZJUDGH FRQGLWLRQV
This is suggested also by the decrease in edenitic 
substitution and Ti contents. 
7KHORZ1D0 content suggests an evolution at 
ORZ3FRQGLWLRQV,WLVFRQYHQLHQWWRSRLQWRXWWKDW
the late amphiboles are sometimes characterized 
E\DQ LQFUHDVH LQ WVFKHUPDFNLWLF DQGRU HGHQLWLF
VXEVWLWXWLRQ+RZHYHUVXFKLQFUHDVHVDUHVWULFWO\
DVVRFLDWHG ZLWK KLJKHU &O RU )H contents.  In 
all the lithologies, the chemical changes of 
DPSKLEROHVZLWKWLPHDUHWKHVDPHDVLQYHLQVDQG
LQWKHFRXQWU\URFNVXJJHVWLQJWKDWWKHVDPHÀXLG
SKDVHSHUPHDWHGWKHURFNWKURXJKWKHYHLQVDQG
the crystal boundaries.
Coronitic and pseudomorphic amphiboles 
SRVWGDWLQJ PDJPDWLF DQG +7 PLQHUDOV DOORZ
WKH UHFRJQLWLRQ RI WKH LQÀXHQFH H[HUWHG E\
WKH PLFURGRPDLQ LQ ZKLFK WKH\ JURZ RQ WKHLU
composition. In this case, not only the intergranular 
ÀXLGV EXW DOVR WKH GRPDLQ LQZKLFK QXFOHDWLRQ
WDNHVSODFHSOD\DQLPSRUWDQWUROH)RULQVWDQFH
coronitic amphiboles around Ti-Pargasites, are 
PRUH$OULFK WRZDUGV SODJLRFODVH WKDQ WRZDUGV
S\UR[HQH LQGLFDWLQJ GLIIXVLRQDVVLVWHG JURZWK
at high temperatures. In coronitic amphiboles, 
(GHQLWLF VXEVWLWXWLRQ GHFUHDVHV WRZDUGV WKH ULP
ZKHUH(GHQLWLF+RUQEOHQGHVDQGWKHQ$FWLQROLWHV
Tremolites indicate a decrease in T to greenschist-
facies conditions. The increase in Fe content can 
EHUHODWHGWRÀXLGFLUFXODWLRQ
In the Sesia Lanzo Zone metagabbros, the 
chemical evolution of amphiboles indicates 
a decrease in temperature from granulite- to 
DPSKLEROLWH WR JUHHQVFKLVWIDFLHV VHH 5HED\
and Spalla, 2001 for a detailed description 
RI 37 FRQGLWLRQV RI WKHVH URFNV ,Q WKLV FDVH
K\GURWKHUPDOÀXLGFLUFXODWLRQ LVFRQ¿QHG WR WKH
ODWH SUH$OSLQH HYROXWLRQ GXULQJ ¿QDO VWDJHV
RI H[KXPDWLRQ 3HFXOLDU RI WKLV VLWXDWLRQ LV WKH
presence of Cl-bearing sodic amphiboles that are 
present only as pseudomorph after pre-Alpine 
&ODPSKLEROHV DQG JURZ GXULQJ WKH SURJUDGH
Alpine evolution, pointing to remobilization of 
Cl at granular scale. In this case Cl is found only 
LQ ULPV RI SUHH[LVWLQJ &OEHDULQJ DPSKLEROHV
Differently from the Apennines, in Sesia Lanzo 
Zone gabbros the carbonate microdomain hosts 
WKHDPSKLEROHVZLWKWKHKLJKHVW&OFRQWHQWVXS
WRZW
)RUPDWLRQ RI VDOLQH ÀXLGV GXULQJ ÀXLGURFN
interaction - a summary
$V SRLQWHG RXW DERYH LW LV OLNHO\ WKDW WKH
systematic compositional variations observed 
in Cl-amphiboles are in part related to gradual 
YDULDWLRQVLQWKHFRPSRVLWLRQRIWKHHTXLOLEULXP
ÀXLGGXULQJJURZWK$VSRLQWHGRXWE\.XOOHUXG
SRWHQWLDOPHFKDQLVPVRIHQULFKPHQWLQ
&OLQDÀXLGDUH
1. ÀXLGLPPLVFLELOLW\ZKHUHWKH&OEHDULQJ
ÀXLGVHSDUDWHVLQWZRSKDVHVRQH&OULFK
and the other Cl-poor;
2. ÀXLG¿OWUDWLRQ
3. SUHIHUHQWLDOH[WUDFWLRQRI+2O;
4. dissolution of Cl-rich minerals.
7KHPRVWOLNHO\PHFKDQLVPSUHYDLOLQJLQWKH
VWXGLHG URFNV ZDV WKH SUHIHUHQWLDO H[WUDFWLRQ
RI+22 IURP D&OEHDULQJÀXLG LQ ERWK FDVHV
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+22ZDVFRQVXPHGGXULQJFU\VWDOOLVDWLRQRI2+
EHDULQJPLQHUDOVDPRQJZKLFKDPSKLEROHVDV
WHVWL¿HG E\ WKH REVHUYHG ]RQDWLRQV 6HYHUDO
ÀXLGLQÀX[HVDOORZHGWKHIRUPDWLRQRIFRPSOH[
zonations, as the originally open system became 
FORVHGDIWHUGLIIHUHQWÀXLG LQÀX[HSLVRGHV)RU
the subcontinental gabbro of the Sesia Lanzo 
=RQH WKH REVHUYHG JURZWK RI &ODPSKLEROH
not only in veins but also in carbonate-bearing 
microaggregate, could suggest a further acting 
PHFKDQLVP WKDW LV D &OEHDULQJ ÀXLG FRXOG
KDYHVSOLWLQWRWZRLPPLVFLEOHÀXLGVGXHWR&22 
addition.
,Q WKH 1RUWKHUQ $SHQQLQHV YHLQV ZLWKLQ
WKH JDEEUR ZHUH DVVRFLDWHG ZLWK PLJUDWLRQ RI
VHDZDWHUGHULYHG+22ULFKÀXLGV DORQJPLFUR
fractures and grain boundaries. Cl-amphibole 
IRUPLQJ UHDFWLRQV ZHUH WULJJHUHG E\ ÀXLGV
EXW LQ PRVW FDVHV WKH\ ZHUH DFWLYH ORFDOO\
as suggested by the amphibole compositions 
varying in different microdomains or along a 
single vein crosscutting different microdomains. 
In Sesia Lanzo, Cl-amphibole bearing veins 
DUH FRPPRQ LQ ZLGHO\ UHHTXLOLEUDWHG )H7L
gabbros. All the veins are pre-eclogitic, as 
WHVWL¿HGE\WKHJURZWKRI+3PLQHUDOVJDUQHW
JODXFRSKDQHFKORULWRLGDWWKHYHLQERXQGDULHV
and crosscutting microdomains. 
7KH GH¿QLWLRQ RI WKH SRVWJUDQXOLWLF ± SUH
HFORJLWLFÀXLGSKDVHVLVLPSRUWDQWDVLWFDQRIIHU
D KLQW RQ WKH VHWWLQJ LQZKLFK WKH JDEEURZDV
H[KXPHG 0HWDPRUSKLF DVVHPEODJHV LQGLFDWH
that the gabbro intruded in the mid crust, 
recrystallized at granulite facies PT conditions 
DQG ZDV H[KXPHG WKURXJK DPSKLEROLWH DQG
JUHHQVFKLVWIDFLHV FRQGLWLRQV WR ORZ GHSWKV
under a very high TP ratio, typical of divergent 
PDUJLQV5HED\DQG6SDOOD(YHQWKRXJK
LVRWRSLFRUÀXLGLQFOXVLRQDQDO\VHVDUHODFNLQJIRU
WKH6HVLD/DQ]RURFNVLWLVQRQHWKHOHVVSRVVLEOH
WRPDNHVRPHFRQVLGHUDWLRQVDERXWÀXLGVRQWKH
basis of parageneses, their superpositions and 
WKHWH[WXUDOHYROXWLRQRIURFNVIURPORZVWUDLQ
to high strain domains.
Most of the minerals found in veins are 
K\GURXV VLOLFDWHV LPSO\LQJ WKDW ZDWHU ZDV DQ
LPSRUWDQWFRPSRQHQWRIWKHK\GURWKHUPDOÀXLG
phase. The occasional presence of carbonates 
is evidence of occurrence of a CO2 fraction in 
WKH ÀXLG &DUERQDWHV SUHGDWH &ODPSKLEROHV
WKHUHIRUHLWLVSRVVLEOHWKDWWKHUHZHUHGLIIHUHQW
WLPLQJ RI ÀXLG FLUFXODWLRQ FDUDFKWHUL]HG E\
GLIIHUHQW FRPSRVLWLRQ ,QGHHG&OULFKÀXLGGLG
permeate the gabbro partially. 
,GHDOO\WKH&OFRQFHQWUDWLRQLQWKHÀXLGFRXOG
be deduced from the Cl content of minerals, once 
WKH S+ DQG WKH SDUWLWLRQ FRHI¿FLHQW EHWZHHQ
ÀXLG DQG PLQHUDO LV NQRZQ .XOOHUXG 
DQG UHIHUHQFHV WKHUHLQ 8QIRUWXQDWHO\ LQ WKH
DEVHQFHRIÀXLGLQFOXVLRQVDQDO\VHVLQIHUHQFHV
RQWKHFRPSRVLWLRQRIÀXLGVFDQQRWUHDVRQDEO\
be made, because amphibole is the only Cl-
EHDULQJ SUHVHQW SKDVH ZLWK D FRPSRVLWLRQ
DOVR LQÀXHQFHG E\ FU\VWDOFKHPLFDO IDFWRUV DV
H[SODLQHG DERYH ZLWK VWURQJ FRUUHODWLRQV )H
Cl, K-Cl ed AlIV&O
7KH ]RQLQJ RI &ODPSKLEROHV ZLWK ULPV
richer in Cl than cores, could be, alternatively, 
GXH WR WZR GLIIHUHQW PHFKDQLVPV $VVXPLQJ
D FORVHG V\VWHP WKH &OEHDULQJ ÀXLG ZRXOG
SURJUHVVLYHO\ EH HQULFKHG LQ &O ZKLOH WKH
less Cl rich amphiboles crystallize. With the 
FU\VWDOOL]DWLRQRIWKH¿UVWDPSKLEROHVWKHÀXLG
ZRXOGKDYHKLJKHUDClD+2LQHTXLOLEULXPZLWK
WKHDPSKLEROHV7KLVFRXOGH[SODLQDOVRWKHIDFW
that the Cl richer amphiboles often form thin 
GLVFRQWLQXRV ULPV EHWZHHQ JUHHQ +RUQEOHQGH
DQG$FWLQROLWH7KLV WH[WXUH LQGLFDWHV WKDW ÀXLG
circulation occurred not only through veins, but 
DOVRDORQJJUDLQERXQGDULHVDWWKHORZSUHVVXUH
DPSKLEROLWH IDFLHV FRQGLWLRQV +RZHYHU WKH
RFFXUUHQFHRIDQRSHQV\VWHPLQZKLFKWKH&O
FRQWHQWRI WKHÀXLG LQFUHDVHVZLWK WLPHGXH WR
DQH[WHUQDOVRXUFHWKDWJHWVULFKHULQ&OFRQWHQW
EULQHV"FDQQRWEHH[FOXGHG
7KH ODFN RI TXDQWLWDWLYH LVRWRSLF GDWD RQ
WKH ÀXLG DOORZV WR PDNH RQO\ FRQMHFWXUHV RQ
WKH SRVVLEOH RULJLQ RI VXFK &O HQULFKHG ÀXLGV
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LQ D WKLQQHG FRQWLQHQWDO FUXVW 7ZR SULQFLSDO
reservoirs are envisageable:
• ÀXLGV FRPLQJ IURPQHDUE\XQLWV WKDW DUH
being metamorphosed and are dehydrating 
+HLQULFK
• K\GURWKHUPDO ÀXLGV FRPLQJ IURP DQ
H[WHUQDO VRXUFH VXFK DV IRU H[DPSOH
EULQHVLQDQH[WHQVLRQDOVHWWLQJ
,QGHHG ZKHUHDV &22 ULFK DQG DTXHRXV
ÀXLGV DUH YHU\ FRPPRQ LQ HYHU\PHWDPRUSKLF
HQYLURQPHQW WKHSUHVHQFHRIH[WUHPHO\&O ULFK
brines is not so common, unless in granulite 
IDFLHVHQYLURQPHQWDQGZKHQPDJPDWLFÀXLGVDUH
LQYROYHG(YHQLIUHIHUHQFHWRDQHDUE\ODUJHDFLG
intrusions postdating the gabbro emplacement are 
ODFNLQJLWLVLQWHUHVWLQJWRQRWHWKDWDFLGSUHDOSLQH
G\NHV DUH SUHVHQW ZLWKLQ WKH PHWDJDEEURV
crosscutting the granulitic fabric and developing 
FKLOOHGPDUJLQV5HED\DQG6SDOOD
Conclusions
7ZR NLQGV RI FRQFOXVLRQV FDQ EH GUDZQ
integrating of petrological and structural analyses 
RQ URFNV FRQWDLQLQJ &OULFK DPSKLEROHV IURP
WKH RSKLROLWLF URFNV RI WKH $SHQQLQHV DQG WKH
FRQWLQHQWDOURFNVRIWKH$OSVLFU\VWDOORFKHPLFDO
considerations on Cl-incorporation in amphiboles 
DQGWKHUROHRI&OEHDULQJÀXLGVDQGLLLQVLJKWV
on the tectonometamorphic evolution traced by 
these amphiboles. Cl-amphibole composition is 
simultaneously controlled by several interplaying 
IDFWRUV ZKRVH SUHGRPLQDQFH PD\ YDU\ LQ
different portions of the same gabbroic body:
 FU\VWDOFKHPLFDO IDFWRUV SRVH FRQVWUDLQWV
RQ DPSKLEROH VWUXFWXUH WKDW GLUHFWO\ LQÀXHQFH
their composition as the Cl content is positively 
correlated to the edenitic substitution in 
amphibole;
 LQ FRURQLWLF URFNV ZKHUH UHDFWLRQV WDNH
place at the submillimetric or millimetric scale, 
amphibole composition is dependent also on the 
FRPSRVLWLRQ RI WKH PLFURGRPDLQV ZKHUH WKH\
GHYHORSDQGQRWRQO\RQWKHEXONFRPSRVLWLRQRI
WKHKRVWURFN
WKH&ODPSKLEROHFRPSRVLWLRQLVGHSHQGHQW
RQWKHÀXLGFRPSRVLWLRQHYROXWLRQ7KHDVVXPHG
transition from open to closed system may give 
ULVH WR GLIIHUHQW &O FRQFHQWUDWLRQV LQ WKH ÀXLG
and therefore to different Cl contents in the 
amphibole, as probably indicated by Cl zoning in 
late, granoblastic amphibole and rims.
 )LQDOO\ &ODPSKLEROH FRPSRVLWLRQ LV
GHSHQGHQW DOVR RQ WKH 37 FRQGLWLRQV DW ZKLFK
amphibole crystallize.
7KH LQWHUDFWLRQV EHWZHHQ WKH DERYH IDFWRUV
DUHGLI¿FXOWWRDVVHVVTXDQWLWDWLYHO\HYHQWKRXJK
LW LV SRVVLEOH LQ VLQJOH FDVHV WR HYDOXDWHZKLFK
LV WKH SUHGRPLQDQW RQH )RU H[DPSOH WDNLQJ
LQWR DFFRXQW WKDW LQ WKH1RUWKHUQ$SHQQLQHV&O
FRQWHQWV RI DPSKLEROHV DUH DOZD\V KLJKHU LQ
Fe-gabbros than in Mg-gabbros, and that Fe is 
SRVLWLYHO\ FRUUHODWHG WR &O LW LV OLNHO\ WKDW WKH
IDFWRUVDQGSUHGRPLQDWHWKHUHZLWKLQHDFK
VWHSRIUHHTXLOLEUDWLRQGXULQJH[KXPDWLRQ
Our results demonstrate that multiscale 
structural analisys, separating deformation 
gradients, once the relative chronology of 
VXSHUSRVHG IDEULFVKDVEHHQHVWDEOLVKHGDOORZV
WKHLQGLYLGXDWLRQRIVLJQL¿FDQWVDPSOHVDOORZLQJ
the deciphering of the tectonometamorphic 
HYROXWLRQ LQ ERWK RURJHQLF EHOWV $OSV DQG
$SHQQLQHV,QWKH1RUWKHUQ$SHQQLQHVFDVHVXFK
DQ DSSURDFK DOORZV WR GLVFULPLQDWH WKH VSHFL¿F
VWDJH LQ ZKLFK &OULFK ÀXLGV LQWHUDFWHG ZLWK
URFNVGXULQJWKHRFHDQLFPHWDPRUSKLFHYROXWLRQ
,QWKH6HVLD/DQ]R=RQHLWDOORZVWRGLVWLQJXLVK
&OULFKDPSKLEROHVJURZQGXULQJWKHSUH$OSLQH
HYROXWLRQLQWKHFRQWH[WRID3HUPLDQOLWKRVSKHULF
WKLQQLQJ IURP WKRVH JURZLQJ GXULQJ EXULDO LQ
the subduction system. In both the considered 
H[DPSOHV WKH &O HQULFKHG ÀXLGV SHUPHDWH WKH
JDEEURLF URFNV RQFH WKH\ ZHUH H[KXPHG DW
the upper crust structural levels in a divergent 
JHRG\QDPLFVHWWLQJZLWKDQDQRPDORXVO\KLJK7
JUDGLHQW ,Q WKH 1RUWKHUQ $SHQQLQH FDVH VXFK
KLJK 7 JUDGLHQW LPSOLHV WKH WKHUPDO LQÀXHQFH
RIWKHULGJH]RQHZKHUHDVWKHFDVHRIWKH6HVLD
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/DQ]R =RQH LV FRQVLVWHQW ZLWK D WKLQQHG FUXVW
during the initial phases of a continental rift. The 
K\GUDWLRQLVDFKLHYHGE\ÀXLGFLUFXODWLRQWKURXJK
PDLQ FRQGXLWV UHSUHVHQWHG E\ GHFLPHWUH XS WR
PHWULF DPSKLEROHULFK YHLQV DQG EDQGV ZKHUH
GHIRUPDWLRQ LV FRQFHQWUDWHG DQG DOVR RQ D
VPDOOHU VFDOH WKURXJKDQHWZRUNRIPLOOLPHWULF
to submillimetric veins pervading undeformed 
GRPDLQVRIWKHLQWUXVLYHERGLHV7KLVVKRZVWKDW
K\GURWKHUPDO FLUFXODWLRQ WDNHV SODFH DW VKDOORZ
FUXVWDOOHYHOLQFRQWUDVWZLWKWKHORFDOL]DWLRQRI&O
bearing phases in shear zones occurring in deep 
crustal granulites. In veins permeated volumes 
the chemistry of the system is not homogenized 
DW WKHPLFURGRPDLQ VFDOH DQG WKHUHIRUHZLWKLQ
D VLQJOH KDQGVSHFLPHQ HTXLOLEULXP LV DWWDLQHG
DWWKHPLFURGRPDLQVFDOHHYHQWKRXJKWKHÀXLG
FLUFXODWLRQPD\ EH ZLGHVSUHDG )LQDOO\ LQ OHVV
GHIRUPHG GRPDLQV ÀXLGV DOVR FLUFXODWHG DORQJ
grain boundaries. All these considerations point to 
the fact that in collisional orogenic belts remnants 
of hydration of the oceanic and continental crust 
in divergent geodynamic settings can be found. 
(YROXWLRQ LQ 6HVLD /DQ]R =RQH VKRZV WKDW &O
stored in amphibole in divergent environment 
remains available during the prograde path in 
the subduction zone, demonstrating that the 
K\GUDWLRQ RI RULJLQDOO\ DQK\GURXV URFNV LV RQH
RI WKH PRVW SRZHUIXO PHFKDQLVPV WR UHF\FOH
³VXUIDFH´ÀXLGVLQWKHGHHSFUXVWDQGPDQWOHRQFH
PT conditions for dehydration are reached.
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